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a b s t r a c t 

The development of nanostructured material interfaces is critical to various application areas span- 

ning diverse fields such as medicine, energy, and sensing. One of the most promising areas involves 

nanomedicine and drug delivery and involves the formation of noncovalently adsorbed protein coat- 

ings on nanostructured surfaces such as inorganic nanoparticles. The coatings can form naturally as part 

of the so-called protein corona or be purposely incorporated as functional elements to evade immune 

recognition or to enable enzymatic function, for example. To date, most relevant studies have exam- 

ined the underlying adsorption processes on planar surfaces while the effect of nanoscale curvature on 

protein adsorption is still being unraveled across many dimensions. Herein, we investigated the ionic 

strength-dependent adsorption of antibacterial lysozyme protein onto planar and nanostructured silicon 

oxide surfaces by employing the quartz crystal microbalance-dissipation and localized surface plasmon 

resonance sensing techniques. Our findings revealed that lysozyme undergoes greater adsorption-related 

denaturation and spreading on planar surfaces which led to multilayer formation, while nanoscale cur- 

vature effects suppress protein denaturation on nanostructured surfaces leading to monolayer formation. 

We discuss these findings within the context of protein-surface and protein-protein interactions and how 

subtle changes in adsorption pathways can drive the formation of distinct macromolecular assemblies. 

Looking forward, we also discuss how such measurement strategies can enable mechanistic insights into 

the formation of protein coatings on nanostructured surfaces with broad implications for nano-bio inter- 

face science. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Nanostructured surfaces are highly relevant to a wide range of

aterial science applications at the nano-bio interface, including

issue engineering [ 1 , 2 ], biological implant design [ 3 , 4 ], drug de-

ivery [ 5 , 6 ], and biosensing [ 7 , 8 ]. They can offer excellent control

ver biomacromolecular interactions [ 9 , 10 ] and can exhibit an-

imicrobial [11–13] and antifouling [ 14 , 15 ] properties among vari-

us possibilities. With advances in nanofabrication technology, nu-

erous effort s have been made to understand and improve bioint-

rfacial capabilities through a materials engineering approach [16–

9] . Within this scope, nanostructured sensor arrays have emerged

s a fascinating subset within the broader family of nanostruc-
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ured surfaces due to their dual functionality as surface-sensitive

ensors and topological templates [20–22] . The possibility of repli-

ating biologically relevant nanoscale architectures on these arrays,

ided by appropriate surface modification and biological interfac-

ng strategies, facilitates systematic investigations of biointerfacial

rocesses, which would otherwise be impossible or difficult to per-

orm in vivo . While earlier works mainly focused on using nanos-

ructured sensor arrays to understand cellular functions and inves-

igate cell-material interactions [ 23 , 24 ], later studies have been

xtended towards more deeply exploring the interactions of spe-

ific biomacromolecules with nanostructured materials [25–27] . 

Recent progress in biointerfacial characterization has witnessed

he utilization of oxide-coated nanostructured arrays in nanoplas-

onic sensing, which is a surface-sensitive measurement tech-

ique that is well-suited to monitor biomacromolecular adsorption

ue to its narrow sensing depth [ 28 , 29 ]. Nanoplasmonic sensors

re typically comprised of an array of noble metal nanostructures

hat act as optical transducers to detect mass variations close to

https://doi.org/10.1016/j.apmt.2020.100729
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
mailto:jjackman@skku.edu
mailto:njcho@ntu.edu.sg
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their surface based on localized surface plasmon resonance (LSPR)

[30–32] . The possibility of introducing a thin conformal layer of a

dielectric material over the metallic nanostructure has enabled a

wide range of biomacromolecular interaction studies on nanoplas-

monic sensing platforms since biologically relevant materials such

as silicon oxide, titanium oxide, and aluminum oxide can confor-

mally coat the sensor surface [33] . Besides enabling the direct in-

teraction of biomacromolecules with oxide materials, oxide-coated

nanostructured arrays also facilitate biological interfacing [34] . Of

note, supported lipid bilayers can be conveniently fabricated on

silicon oxide-coated nanoplasmonic sensor arrays for studying var-

ious biomacromolecular-membrane interactions [35–38] . 

To date, a variety of nanoplasmonic sensor arrays have been

successfully fabricated with different combinations of nanostruc-

ture geometries and oxide coating materials [39–41] . Such devel-

opments have initiated a series of systematic studies aimed at un-

derstanding the influence of nanoscale lipid membrane geometry

on biomacromolecular interactions, including peptide-membrane

interactions [ 42 , 43 ]. In addition, several works have employed

nanoplasmonic sensing to study protein adsorption onto inorganic

oxide-coated surfaces and scrutinized protein adsorption behav-

ior [41–45] . Interestingly, despite encouraging progress on both of

those fronts, the prospect of using oxide-coated nanostructured

arrays in nanoplasmonic sensing for the purpose of understand-

ing the effect of nanoscale surface curvature on protein adsorp-

tion phenomena remains largely untapped. Unraveling the influ-

ence of such curvature on protein adsorption has broad implica-

tions across the nano-bio interface field as it can reveal psycho-

chemical insights into foreign body reactions such as corona for-

mation [46–49] and complement activation [50–52] upon the in-

troduction of nanoparticles and biological implants. Research in

this direction will ultimately lead to improved biomaterials selec-

tion, topographical design, and surface modification that can im-

prove material performance across medical and biotechnology ap-

plication scopes. So far, protein adsorption works intended at ad-

dressing these issues involve colloidal systems ( i.e. , nanoparticles

in solution phase), which offer minimal control [ 53 , 54 ]. Further-

more, most protein adsorption works typically track the adsorp-

tion process at a single length scale and draw conclusions about

complex biomacromolecular transformations occurring on the sur-

face [55–57] . In this respect, the possibility of combining nanoplas-

monic sensing with a complementary surface-sensitive measure-

ment technique such as quartz crystal microbalance-dissipation

(QCM-D) [ 58 , 59 ] offers the im portant prospect of deciphering

the influence of nanoscale surface curvature on protein adsorption

by simultaneously evaluating biomacromolecular interaction pro-

cesses at nanostructured surfaces with complementary measure-

ment strategies based on different physical principles. 

Herein, we employed a silicon oxide-coated gold nanodisk ar-

ray alongside a flat sensor with the same active surface to com-

pare the adsorption behavior of lysozyme on nanostructured and

planar surfaces under various ionic strength conditions. Silicon ox-

ide was selected as the test surface because it is widely used in

the biomedical field [ 60 , 61 ]. Lysozyme was selected as the model

protein for several important reasons, apart from its abundance in

the physiological system [62] . Firstly, its size ( i.e. , hydrodynamic di-

ameter of ~4 nm [63] ) is well within the effective sensing depth

of the nanoplasmonic sensing technique ( i.e. , ~5-20 nm [ 64 , 65 ]),

ensuring that any molecular structural transformations occurring

on the surface can be deduced from the nanoplasmonic signal re-

sponse. Secondly, lysozyme is known to form multilayers under

certain conditions [ 66 , 67 ], which represents an interesting aspect

of protein adsorption that has yet to be fully investigated in rela-

tion to surface curvature. Thirdly, the availability of previous exper-

imental [ 53 , 54 , 68 ] and simulation [ 69 , 70 ] reports on the effect of

nanoparticle size, which is often implicitly correlated to the effect
f surface curvature, on lysozyme adsorption provides a guiding

ramework. Finally, it is well-established that lysozyme possesses

ntimicrobial properties [ 62 , 71 ] and its potential to form natural

ntimicrobial coatings are beginning to be explored [ 72 , 73 ]. In or-

er to monitor lysozyme adsorption process in real-time, we uti-

ized, separately and in tandem, the QCM-D and LSPR techniques.

he difference in sensing depths by up to an order of magnitude

etween these two techniques further enabled us to correlate the

onformational changes occurring in the immediate vicinity of the

anostructured and planar surfaces to the overall formation of pro-

ein assemblies on the two surfaces. 

. Materials and methods 

.1. Lysozyme preparation 

Lyophilized lysozyme from chicken egg white (L6876) was ob-

ained from Sigma-Aldrich (Singapore) and was stored at 4 °C
rior to use. Buffer solutions were prepared using 10 mM

ris(hydroxymethyl)aminomethane (Tris) and varying concentra-

ions of sodium chloride (Sigma-Aldrich, Singapore). All buffer

olutions were adjusted to pH 7.5 with 1 M hydrochloric acid

Sigma-Aldrich, Singapore), and filtered through a membrane fil-

er with 0.22 μm diameter pores before use. All protein samples

ere freshly prepared on the day of experiments by dissolving a

eighed mass of lyophilized protein in the appropriate buffer so-

ution. 

.2. QCM-D measurements 

QCM-D measurements were performed on a Q-Sense E4 instru-

ent (Biolin Scientific AB, Gothenburg, Sweden) using AT-cut crys-

als with a sputter-coated, 50 nm-thick silicon oxide layer (QSX

03, Biolin Scientific), as previously described [58] . The crystals

ad a mass sensitivity constant of 17.7 ng/cm 

2 Hz. Before mea-

urement, the crystals were rinsed with 1 wt% SDS in water, wa-

er, and ethanol, dried with a stream of nitrogen gas, and treated

ith oxygen plasma for 1 min (Harrick Plasma). Samples were in-

roduced at a constant flow rate of 100 μL/min, as regulated by a

eristaltic pump (Reglo Digital), and the temperature of the mea-

urement cell was maintained at 25.0 ± 0.5 °C. Data was collected

t the odd overtones (3 rd , 5 th , 7 th , and 9 th ), and normalized data

t the 5 th overtone are reported. 

.3. LSPR measurements 

Ensemble-averaged LSPR measurements were performed on an

nsplorion XNano instrument (Insplorion AB, Gothenburg, Sweden)

hat was operated in transmission mode, as previously described

58] . The sensor chips were composed of silicon oxide-coated gold

anodisk arrays on glass surfaces, which were assembled within

he measurement cell. The arrays are comprised of well-separated

nd randomly distributed gold nanodisks (average height and di-

meter of 20 and 120 nm, respectively, with a surface coverage of

8%), which were fabricated by hole-mask lithography, and sputter-

oated with a thin silicon nitride layer (thickness ~10 nm). Prior to

ach experiment, the sensor chips were thoroughly rinsed with 1

t% sodium dodecyl sulfate (SDS) in water, water, and ethanol and

ried with a stream of nitrogen gas. The sensor chips were then

reated with oxygen plasma (Harrick Plasma, Ithaca, NY), convert-

ng the uppermost region of the silicon nitride layer into a sili-

on oxide coating and then the sensor chip was loaded into the

easurement cell. A peristaltic pump (Reglo Digital, Ismatec, Glat-

brugg, Switzerland) was used to introduce liquid sample into the

easurement cell at a constant flow rate of 100 μL/min. All LSPR

ata collection and analysis was performed using the Insplorer



A.R. Ferhan, B.K. Yoon and W.-Y. Jeon et al. / Applied Materials Today 20 (2020) 100729 3 

Fig. 1. (A) Schematic illustration of the overall experimental strategy. (B) QCM-D sensing substrate architectures employed in this work to model planar and nanostructured 

surfaces. 
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oftware package (Insplorion AB) with a time resolution of 1 Hz.

he spectral resolution of the plasmon resonance as well as its

entroid position (denoted as λmax ) was determined by high-order

olynomial fitting. 

.4. Combined QCM-D and LSPR measurements 

The combined QCM-D and LSPR setup is comprised of the

-Sense E1 system with Q-Sense QWM401 window module (Bi-

lin Scientific, Stockholm, Sweden) together with the Insplorion

coulyte module (Insplorion AB, Gothenburg, Sweden), which

rovides an optical connection between the QCM-D measure-

ent chamber and the Insplorion X-Nano optics unit (Insplorion

B, Gothenburg, Sweden). Measurements were performed on the

coulyte quartz crystal sensor, which is a modified version of a

ypical QCM-D sensor chip upon which randomly distributed, sili-

on oxide-coated gold nanodisks were fabricated, as previously de-

cribed [58] . 

. Results and discussion 

.1. Measurement strategy 

In order to understand the adsorption behavior of lysozyme

n silicon oxide surfaces with different geometries in a compre-

ensive manner, the adsorption experiments were conducted un-

er varying ionic strength conditions ( Fig. 1 A). As a point of refer-

nce for adsorption on a planar geometry, the measurements were

rst performed on the conventional QCM-D platform using stan-

ard quartz crystal sensors with a flat and smooth silicon oxide

urface ( Fig. 1 B). The adsorption on nanostructured geometry was

hen performed on silicon oxide-coated gold nanodisk arrays us-

ng the conventional LSPR platform as well as using a combined
CM-D and LSPR platform. In the conventional LSPR platform, the

old nanodisks were fabricated on a transparent glass support sub-

trate. The sensor architecture is slightly modified in the combined

CM-D and LSPR platform, whereby the gold nanodisks were fab-

icated on top of the QCM-D quartz crystal sensor chip. In both

ases, apart from acting as a curvature template, the gold nan-

disks serve as optical transducers. Upon interaction with light,

 collective oscillation of free electrons is generated in the metal

onduction band, which is known as localized surface plasmon res-

nance (LSPR) [74] . This enhances the evanescent electromagnetic

eld near the surface of the nanostructures. At the same time, it

eads to light extinction over the UV-visible range with a max-

mum at a specific wavelength, λmax , which is sensitive to the

ocal dielectric environment [ 75 , 76 ]. During LSPR measurements,

he accumulation of mass near the surface leads to an LSPR peak

hift, �λmax , which can be correlated to the amount of adsorbed

ysozyme as well as the degree of surface-induced protein denat-

ration. In the combined QCM-D and LSPR platform, the QCM-D

requency and dissipation shifts were extracted simultaneously to-

ether with the LSPR peak shifts. Since the sensing depths of the

CM-D and LSPR techniques are around 10 0-20 0 nm [77] and 5-

0 nm [ 64 , 65 ], respectively, the use of these two techniques is

herefore beneficial to resolve differences in the state of adsorbed

roteins across different length scales. 

.2. QCM-D evaluation of concentration-dependent adsorption 

ehavior on planar surfaces 

Protein adsorption measurements were performed in a continu-

us flow-through environment and the measurement signals were

ecorded in real-time. Briefly, the measurement baseline was first

btained in a blank buffer before introducing the lysozyme sample
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Fig. 2. Time-resolved QCM-D (A) frequency and (B) dissipation shifts following the lysozyme adsorption onto the silicon oxide-coated planar substrate at different protein 

concentrations. The measurement baseline signal was first obtained in blank buffer followed by the injection of lysozyme in buffer at around 10 min and a final washing 

step at around 70 min. Inset in panel (A) shows mean ± standard deviation of maximum frequency shifts from n = 4 measurements. 
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in buffer solution. The adsorption process continued until reaching

pseudo-steady-state, after which the system underwent a buffer

washing step. Time-resolved measurements obtained using stan-

dard silicon oxide-coated QCM-D quartz crystal sensor chips with a

flat surface under physiologically relevant conditions revealed that

the QCM-D frequency shifts increased at higher lysozyme concen-

tration, indicating greater overall mass adsorbed on the surface

at higher protein concentrations ( Fig. 2 A). The frequency shifts in

the pseudo-steady-state adsorption regime as well as after buffer

washing were relatively proportional to the lysozyme concentra-

tion in the buffer solution, suggesting that adsorption within this

concentration range did not lead to saturation uptake. However,

since QCM-D has a relatively lower surface sensitivity than LSPR,

this finding implies that the concentration range is either too

low to saturate the surface, or that it leads to the formation of

lysozyme multilayers. In order to distinguish between these possi-

bilities, we analyzed the QCM-D dissipation shifts, which provide

an indication of viscoelasticity of the adsorbed layer. Lower dissi-

pation shifts are generally associated with protein layers that are

tightly bound to the surface, while higher dissipation shifts are as-

sociated with less rigid layers. The results showed that the QCM

dissipation shifts increase with lysozyme concentration ( Fig. 2 B).

In other words, lysozyme adsorbed into a rigid adlayer at a low

concentration. With increasing concentration, the overall protein

ensemble gradually became less rigid, supporting the formation of

lysozyme multilayers. 

3.3. QCM-D evaluation of ionic strength-dependent adsorption 

behavior on planar surfaces 

We then performed subsequent measurements at an intermedi-

ate protein concentration of 50 μM to determine the ionic strength

dependency of the protein adsorption process. The influence of

ionic strength is often associated with the electrostatic modula-

tion of protein-substrate and protein-protein interactions and ionic

strength variation can therefore serve as a means to understand

the role of these interactions within the adsorption process [ 45 , 78 ,

79 ]. In this work, ionic strength variation was achieved by adjust-

ing the NaCl concentration in the buffer solution. We found that

the frequency shift in the pseudo-steady-state adsorption regime

and after buffer washing increased when the NaCl concentration

was raised from 50 mM to 150 mM while tending to slightly de-

crease at 250 mM ( Fig. 3 A). It is noteworthy that the adsorption ki-

netics in 50 mM NaCl varied modestly from those observed in 150
M and 250 mM NaCl. In 50 mM NaCl, the initial rate of adsorp-

ion was very high, followed by a gradual stabilization suggesting

hat there were strong protein-surface interactions leading to rapid

dsorption with minimal protein denaturation [ 80 , 81 ], which sub-

equently hampers multilayer formation. An opposite trend was

bserved at higher ionic strengths, whereby the initial adsorption

ate is lower but the rates in the pseudo-steady-state regime are

igher than at 50 mM NaCl, implying an increased tendency of

ultilayer formation. Despite the non-monotonic trend observed

n the pseudo-steady-state regime, which arises from the propen-

ity to form a monolayer at 50 mM NaCl and multilayers at 150

M and 250 mM NaCl, there is a consistent decrease in the ini-

ial adsorption rate with increasing ionic strength, which agrees

ell with previous works [81-85] . The decrease in initial rates is

ttributed to a charge shielding effect which reduces the protein-

urface interaction between positively charged lysozyme molecules

nd the negatively charged silicon oxide surface in the presence

f salt. Similarly, the dissipation shift increased when the ionic

trength was raised from 50 mM to 150 mM NaCl ( Fig. 3 B). Al-

hough the dissipation shift further decreased slightly from 150

M to 250 mM NaCl, it remained significantly higher compared

o the 50 mM NaCl condition and the trend in dissipation shifts

greed well with the overall amount of adsorbed proteins on the

urface across all tested ionic strength conditions. Importantly, the

igh dissipation values observed in 150 mM and 250 mM NaCl re-

ected the tendency for multilayer formation while the low dissi-

ation value observed in 50 mM NaCl was consistent with mono-

ayer formation. Taken together, our results suggest that, on pla-

ar geometries, the assembly of adsorbed lysozyme molecules can

e modulated between monolayer and multilayer configurations by

djusting the ionic strength of the solution. 

.4. LSPR evaluation of ionic strength-dependent adsorption behavior 

n nanostructured surfaces 

In order to determine whether the assembly of lysozyme on

 nanostructured surface can be similarly modulated via ionic

trength, we proceeded to investigate the ionic strength depen-

ency of lysozyme adsorption behavior onto a silicon oxide-coated

old nanodisk sensor array via LSPR measurements. Over the same

ange of ionic strength conditions, the observed trend varied signif-

cantly from the QCM-D results. Time-resolved measurements re-

ealed an overall consistent decrease in LSPR peak shift, �λmax ,

ith increasing ionic strength ( Fig. 4 A). Since LSPR is a highly
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Fig. 3. Time-resolved QCM-D (A) frequency and (B) dissipation shifts following the lysozyme adsorption onto a silicon oxide-coated planar substrate under different ionic 

strength conditions, as modulated by NaCl concentration. The measurement baseline signal was first obtained in blank buffer followed by the injection of lysozyme in buffer 

at around 10 min and a final washing step at around 70 min. Inset in panel (A) shows mean ± standard deviation of maximum frequency shifts from n = 4 measurements. 

Fig. 4. Time-resolved LSPR (A) peak shifts, �λmax , and (B) corresponding time derivatives, d( �λmax )/dt, following lysozyme adsorption onto a silicon oxide-coated gold 

nanodisk array under different ionic strength conditions, as modulated by NaCl concentration. The measurement baseline signal was first obtained in blank buffer followed 

by the injection of lysozyme in buffer at around 10 min and a final washing step at around 70 min. 
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urface-sensitive technique that detects only protein mass in the

mmediate vicinity of the sensing surface, the results suggest that

here is less lysozyme adsorption at higher ionic strength, which

grees well with previous works that cite charge shielding effects

s the primary reason behind this trend [ 82 , 83 ]. We then calcu-

ated the time derivative of the peak shift, d( �λmax )/dt, to observe

he initial rate of protein adsorption. The initial rate of adsorption

ecreased monotonically with increasing ionic strength ( Fig. 4 B).

nterestingly, this result is consistent with the trend observed for

he rate of initial lysozyme adsorption onto the planar surface in

he QCM-D measurements. In other words, the initial adsorption

ehavior is similar on both planar and nanostructured surfaces

ince it is governed by the same protein-surface interactions. How-

ver, the later stage of adsorption appears to differ significantly,

nd the data suggests that while multilayer formation is supported

n planar surfaces, it is suppressed on nanostructured surfaces. 

.5. Simultaneous QCM-D and LSPR measurements on nanostructured

urfaces 

We also conducted equivalent measurements under physiolog-

cal (150 mM NaCl) and elevated (250 mM NaCl) ionic strength

onditions on the combined QCM-D and LSPR platform using the

odified quartz crystal sensor chip comprising a silicon oxide-
oated gold nanodisk array. The ionic strength conditions were se-

ected because we observed possible multilayer formation on the

lanar surface in the QCM-D measurements. By comparing those

esults with the QCM-D response signal from the combined plat-

orm, which presents a nanostructured surface, it is thus possible

o differentiate between the adsorption behavior on both surface

eometries. At the same time, it is also possible to extract the LSPR

ignals to gain insight into lysozyme adsorption behavior at differ-

nt length scales above the sensor surface. Indeed, the trend ob-

erved for the frequency shifts obtained from the combined QCM-

 and LSPR platform experiments ( Fig. 5 A) differs from that ob-

erved on the conventional QCM-D platform, whereas it resem-

les the trend obtained from the conventional LSPR measurements

 cf. Fig. 4 A). This finding supports that the difference in adsorption

rends arises from the different surface geometries ( i.e. , planar or

anostructured). The stabilized frequency shifts under both ionic

trength conditions were also much lower than those on the con-

entional QCM-D system, indicating less adsorption uptake on the

anostructured surface as opposed to on the planar surface. 

Interestingly, the dissipation shifts were not only smaller, but

emained relatively unchanged under both ionic strength condi-

ions with values less than 1.0 × 10 −6 ( Fig. 5 B). This finding sug-

ests that lysozyme adsorbs tightly on the nanostructured sur-

ace to form a monolayer and the difference in adsorbed mass
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Fig. 5. Time-resolved QCM-D (A) frequency and (B) dissipation shifts, and simultaneously recorded (C) LSPR peak shifts, �λmax , and corresponding (D) time derivatives, 

d( �λmax )/dt, for lysozyme adsorption onto a silicon oxide-coated gold nanodisk array under different ionic strength conditions, as modulated by NaCl concentration. The 

measurement baseline signal was first obtained in blank buffer followed by the injection of lysozyme in buffer at around 5 min and a final washing step at around 35 min. 
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arises from changes in protein density within the monolayer in-

stead of a transition from monolayer to multilayer. Further time-

independent analysis showed that the overall adsorption behav-

ior is similar across different ionic strength conditions on planar

surfaces but differs on nanostructured surfaces within this ionic

strength regime ( Supplementary Fig. 1 ). This result indicates that

the effect of charge shielding is greater on nanostructured surfaces,

implying that protein-surface interactions influence adsorption be-

havior to a greater extent in that case. The LSPR peak shifts ex-

tracted from the combined platform verified the trend observed on

the conventional LSPR platform ( Fig. 5 C). Likewise, the correspond-

ing time derivatives also confirmed that the initial rate of adsorp-

tion decreases with increasing ionic strength ( Fig. 5 D). 

3.6. Comparison of lysozyme adsorption on planar and 

nanostructured surfaces 

On the planar surface and under physiological ionic strength

conditions, the stabilized absolute QCM-D frequency shifts before

and after washing were around 55 Hz and 48 Hz, respectively

( Fig. 6 A). On the nanostructured surface, the corresponding val-

ues were considerably lower at around 25 Hz and 12 Hz before

and after washing, respectively. It is noteworthy that increasing the

ionic strength ( i.e. , to 250 mM NaCl) did not lead to a significant

change in absolute frequency shifts on the planar surface but led

to a significant decrease on the nanostructured surface ( Fig. 6 B).

The corresponding dissipation shifts on the planar surface and un-

der physiological ionic strength conditions before and after wash-

ing were around 3.7 × 10 −6 and 3.6 × 10 −6 , respectively ( Fig. 6 C).
n the nanostructured surface, the respective values were around

.8 × 10 −6 and 0.6 × 10 −6 . Under elevated ionic strength con-

itions, the dissipation shifts on the planar surface were slightly

ower than observed under physiological ionic strength conditions,

espite similar frequency shifts observed under both ionic strength

onditions ( Fig. 6 D). Conversely, on the nanostructured surface, the

issipation shifts remained relatively unchanged when the ionic

trength was elevated. Taken together, these findings support that

ysozyme forms a more discrete assembly on the nanostructured

urface. Furthermore, the assembly on the nanostructured surface

s more strongly influenced by ionic strength than on planar sur-

aces. 

Based on multiples lines of evidence obtained using the flat

ensor and nanostructured array, we conclude that while the ini-

ial adsorption behavior of lysozyme on planar and nanostructured

ilicon oxide surfaces followed the same trends, later stages of ad-

orption showed significant differences. These variations relate to

ifferent degrees of surface-induced protein denaturation on the

wo surfaces, as illustrated in Fig. 7 . 

On the planar surface, lysozyme molecules undergo greater

urface-induced denaturation since more contacts points can be

stablished between proteins and the surface through van der

aals interactions via specific protein residues. In addition, the

hin hydration layer on a planar surface can be easily displaced

n the presence of strong protein-surface interactions [ 55 , 86 ]. This

esults in greater protein spreading, which leads to the formation

f a thin first layer of lysozyme on the surface. The significant

egree of protein conformational changes also leads to charge re-

istribution within this layer, which reduces charge repulsion be-
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Fig. 6. Comparison of QCM-D final frequency shifts arising from the adsorption of lysozyme on planar and nanostructured silicon oxide-coated substrates in (A) 150 mM 

and (B) 250 mM NaCl. Corresponding QCM-D final dissipation shifts in (C) 150 mM and (D) 250 mM NaCl. 

Fig. 7. Summary of lysozyme protein adsorption behavior on planar versus nanostructured silicon oxide surfaces based on the findings in this study. 
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tween adsorbed and incoming protein molecules from the solu-

tion phase [ 68 , 87 ]. This facilitates the formation of multilayers in

the second stage of the adsorption process through van der Waals

interactions. By contrast, on the nanostructured surface, lysozyme

experiences less surface-induced denaturation since fewer contact

points can be established between proteins and the surface. This

agrees well with past observations by Vertegel et al. on silicon ox-

ide nanoparticles of different sizes [53] . The thin hydration layer

on a nanostructured surface is also more tightly bound and diffi-

cult to be displaced [ 69 , 88 , 89 ]. With less extensive denaturation,

the conformation of adsorbed lysozyme molecules is somewhat

preserved in this case. This, in turn, introduces steric hindrance

to adsorbing protein molecules from the solution. Taken together,

these factors lead to a similar adsorption profile between planar

and nanostructured surface in the initial adsorption stage, while

the multilayer formation observed in the second stage of lysozyme

adsorption onto the planar surface is prevented on the nanos-

tructured surface. Hence, adsorption on the nanostructured sur-

face leads to formation of a single monolayer of lysozyme. These

variations in protein assembly also contribute to striking differ-

ences in ionic strength dependencies of the adsorption process on

the two surfaces. Since the formation of multilayers in the sec-

ond stage of protein adsorption on the planar surface is mainly

driven by van der Waals interactions, it is not governed by electro-

static interactions and the overall adsorption process is therefore

not strongly influenced by ionic strength. This contrasts with pro-

tein adsorption on the nanostructured surface, which is predomi-

nantly electrostatically-driven due to interactions between the pos-

itively charged native lysozyme in solution and negatively charged

silicon oxide surface. The overall adsorption process on the nanos-

tructured surface is therefore more affected by ionic strength mod-

ulation, demonstrating the utility of controlling both the nanoto-

pography of a material surface and environmental conditions in or-

der to fabricate nano-bio interfaces with desired properties. 

4. Conclusions 

We have systematically investigated the effect of nanoscale sur-

face curvature on lysozyme protein adsorption behavior across flat

and nanostructured silicon oxide surfaces and discovered key dif-

ferences in how protein-substrate and protein-protein interactions

drive the formation of adsorbed protein layers on the two sur-

face geometries, akin to protein corona assembly in natural bi-

ological systems. Experimentally, we first tracked the adsorption

process under a wide range of ionic strength conditions using the

QCM-D and LSPR techniques separately, before conducting selected

measurements on a combined QCM-D and LSPR platform in or-

der to unravel nanoscale curvature effects. The difference in effec-

tive sensing depths between these two techniques enabled us to

resolve the adsorption process across different length scales and

correlate the conformational changes occurring in the immediate

vicinity of the surface to the overall protein assembly. Our re-

sults revealed significant variation in the adsorption behavior of

lysozyme on planar and nanostructured surfaces. Of note, while

the formation of a lysozyme multilayer was observable on planar

surfaces, it was not evident on nanostructured surfaces. This is at-

tributed to greater surface-induced protein denaturation and pro-

tein spreading on the planar surface, resulting in the formation of

a thin protein adlayer, which permits the accumulation of subse-

quent protein adlayers. By contrast, less favorable protein-surface

interactions on a nanostructured surface results in a lower degree

of protein spreading, which prevents multilayer formation. The dif-

ference in protein assembly arising from varying protein-surface

interactions also contribute to striking differences in ionic strength

dependencies of the adsorption process on the two surfaces. Taken

together, the experimental framework developed in this work can
e adopted for the utilization of nanostructured sensor arrays to

nravel curvature effects on the adsorption behavior of other pro-

eins beyond lysozyme as well. More importantly, our results high-

ight the vast potential of surfaces with engineered nanostructures

o decipher a broad range of biointerfacial processes and hold

road relevance for exploring nano-bio application topics such as

rotein corona formation. 
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